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The contractile proteins in myofibers, myofilaments, are arranged into repeating units called sarcomeres. As well as thick and thin filaments, each sarcomere contains the elastic proteins nebulin and titin, which are central to the theme of the 2018 Madison Myofilament Meeting, "Elastic Domains in Proteins of the Sarcomere: Stressors, Regulators or Rulers?" This meeting is a biennial gathering in Madison, Wisconsin, in which the muscle community present and learn about the latest research on myofilament function and dysfunction. In this issue, which contains publications based on work presented at that meeting, Mijailovich et al. present computational modeling work that directly addresses the central question of the 2018 meeting.
Titin (connectin) and nebulin are large proteins (Fig. 1 ) whose elastic nature derives in part from small domains that are arranged in series within the larger protein. The core structure of many of these domains is β-sheet ( Fig. 1) , which can be disrupted under strain and refold after strain is relieved. Titin is the largest protein in humans. Each titin molecule in striated muscle stretches from the Z-disk to the M-line, associating with the thick filament in one half of the A-band. Because a portion of titin extends from the end of a thick filament to the Z-disk-i.e., the portion of titin in the I-band-titin is sometimes referred to as the third filament system of muscle. Titin's β-sheet-containing domains are immunoglobulin-like (Ig) and fibronectin-like (type III, FnIII) domains. Titin's I-band portion also contains a region rich in proline, glutamate, valine, and lysine residues (PEVK domain), and cardiac titin's I-band portion has an additional sequence (N2B region). Both the PEVK domain and N2B region contribute to titin's properties as an elastic molecule (Watanabe et al., 2002) , but these two regions are distinct from the rest of titin because neither has β-sheet at its core. Nebulin, while not quite as large as titin, extends along the length of the thin filament in skeletal muscle. Nebulin's β-sheet-containing domain is an SRC homology 3 (SH3) domain ( Fig. 1 ). Titin and nebulin were identified by the careful and patient work of Koscak Maruyama (Maruyama et al., 1977 (Maruyama et al., , 1981 , Kuan Wang (Wang et al., 1979; Wang and Williamson, 1980) and their respective colleagues. For a comprehensive history of the discovery of titin and nebulin-proteins that were largely ignored because they were too big to enter standard SDS-PAGE matrices-along with relevant background arguments that such elastic proteins must be present in muscle, see Rall (2014) .
The study by Mijailovich et al. (2019) used structural and functional data from the Granzier laboratory to evaluate and adjust parameters in their computational model. The typical thoroughness of work from the Granzier laboratory has generated a substantial body of knowledge about the structural and physiological roles of titin and nebulin in striated muscles. They developed a nebulin knock-out (Neb-KO) mouse that, despite the severely shortened life span of homozygous animals, allowed a clear demonstration of nebulin's role as a ruler for regulating thin filament length in skeletal muscle (Witt et al., 2006) . Subsequently, this Neb-KO mouse model has been extensively characterized. They also identified titin as a primary contributor to passive tension of the cardiac myofibril (Granzier and Irving, 1995) , followed by a number of clever approaches to extensively characterize titin in this role. However, the hypotheses developed from the careful physiological and structural measurements by the Granzier laboratory, and others, need independent validation (or refutation). Thus, to explore possible molecular mechanisms that may underlie the roles of nebulin and titin in striated muscles, the authors of the present study used the comprehensive modeling program MUSICO developed by Mijailovich and colleagues (Mijailovich et al., 2016; Mijailovich, 2017) . MUSICO is a multiscale model that utilizes modules to accommodate structural, kinetic, and biomechanical differences in various muscle types (Mijailovich et al., 2016 . Modeling is an important component of testing hypotheses about titin and nebulin because it is challenging to design unambiguous experimental tests involving manipulation of such large proteins and genes. This is because protein biochemistry becomes difficult, as does targeted genetic manipulation, even if the result does not shorten life span as noted for Neb-KO mice; mechanical manipulations may influence multiple parameters at the same time (e.g., sarcomere length and filament lattice spacing).
The nebulin studies in the present work examined experimentally determined changes in thin filament length distribution and the Ca 2+ -dependence of steady-state isometric force in skeletal muscle. The modular nature of MUSICO allowed the authors to begin by incorporating the increased variability of thin filament lengths in skeletal muscle of Neb-KO mice (Witt et al., 2006) . For investigations on cardiac muscle, they could alternatively incorporate the nonuniformity of thin filament lengths of normal cardiac muscle (Robinson and Winegrad, 1977) due to the presence of nebulette instead of nebulin. Nebulette cannot serve as a ruler for thin filament length in the same way as nebulin because nebulette in cardiac muscle is much shorter than nebulin in skeletal muscle (Moncman and Wang, 1995) . They were also able to incorporate the increased compliance of thin filaments in Neb-KO skeletal muscle (Kawai et al., 2018; Kiss et al., 2018) ; this is important because earlier modeling investigations suggested that changes in thin filament compliance can alter both maximum isometric force (Daniel et al., 1998) and Ca 2+ dependence of isometric force (Chase et al., 2004; Kataoka et al., 2007; Tanner et al., 2012) . MUSICO's output indicates that prior predictions were pointing in the right direction but that neither changes in thin filament length distribution nor changes in thin filament compliance can, alone or together, fully explain altered contractile function in Neb-KO skeletal muscle. Specifically, the altered functions that needed further explanation were: reductions in isometric force at physiologically relevant sarcomere lengths ; reduced slope (Hill coefficient, n H ) of the isometric force-pCa relationship (that effectively increased the apparent Ca 2+ -sensitivity) at sarcomere length (SL) 2.5 µm (Witt et al., 2006) ; and decreased Ca 2+ -sensitivity (rightward shifted pCa 50 ) and n H for isometric force generation at SL 2.0 µm (Chandra et al., 2009) .
The titin studies examined experimentally determined changes in the Ca 2+ dependence of steady-state isometric force along with the effects of sarcomere length and filament lattice spacing in cardiac muscle. MUSICO's adherence to the 3-D structure of striated muscle allowed the authors to test the effects of titin's contribution to passive tension at different sarcomere lengths, along with correlated changes in filament lattice spacing. Passive tension is well known to increase as a relaxed muscle is stretched, thus increasing SL. MUSICO could incorporate molecular stress-strain information from single titin molecules that had previously been correlated with SL-dependent passive tension of individual cardiomyocytes (Helmes et al., 1999) . Experimentally, passive tension was varied in mouse cardiomyocytes by varying SL, conducting a prestretch/release maneuver which temporarily reduces the stiffness of titin due to the molecule's viscoelastic nature (hysteresis) during unfolding and refolding of elastic domains, or by trypsin proteolysis (Cazorla et al., 2001) . Reducing passive tension by any of these means was associated with lower maximum Ca 2+activated tension and decreased Ca 2+ sensitivity (rightwardshifted pCa 50 ; Cazorla et al., 2001) . Filament lattice compression was achieved in the same study by adding high molecular weight dextrans (∼2.5% wt/vol dextran T-500) to solutions. Osmotic compression of the filament lattice with dextran increased maximum Ca 2+ -activated tension and also increased Ca 2+ sensitivity (leftward-shifted pCa 50 ), although the changes associated with reduced passive tension in the presence of dextran were in the same direction as observed in the absence of dextran (Cazorla et al., 2001) . As with the modeling of Neb-KO muscle, it was not possible to simulate all of the data simply by taking into account the changes in lattice spacing associated with varying SL (and passive tension) during the titin modeling.
The modeling results indicate that there may be unexpected changes in kinetic parameters for actomyosin and thin filament regulatory units. To explain reductions in maximum Ca 2+ -activated tension over and above the contributions of the known structural changes in both studies, Mijailovich et al. (2019) found it necessary to reduce the model's affinity of myosin for the thin filament by reducing the rate of myosin binding to actin (and, conversely, increasing the rate of myosin binding to actin to explain increased tension). Similarly, it was not possible to simulate all of the changes in Ca 2+ sensitivity of isometric tension simply from known structural changes. For example, to effect a further decrease in Ca 2+ sensitivity, Ca 2+ affinity for TnC was reduced by increasing the rate of Ca 2+ dissociation (or, equivalently for computation, decreasing the rate of Ca 2+ binding to TnC, although this rate is generally thought to be diffusion limited in most physiologically relevant circumstances), which can be equated to a decrease in the rate at which TnI dissociates from actin. While the modeling implies that common kinetic pathways may be affected, it seems likely that different mechanisms are at work when nebulin or titin are altered.
What molecular mechanisms might explain the modeling predictions? Nebulin on thin filaments could influence the function of tropomyosin and perhaps also troponin, and could also influence the structure of actin. More subtly, nebulin could affect the strain dependence of these thin filament properties. Furthermore, nebulin could alter the electrostatic field on the thin filament, which would be expected to influence the electrostatic guidance of myosin toward actin, i.e., the initial, weak cross-bridge formation that is thought to precede force generation (Brenner et al., 1982) . Changes in the electrostatic field on Figure 1 . Molecular view of a sarcomere in vertebrate skeletal muscle. The sarcomere, adapted (with permission) from Mijailovich et al. (2019) , highlights structures of a few of the β-sheet-containing domains within titin (red) and nebulin (violet). Top left: X-ray diffraction crystal structure of three contiguous Ig domains (I9-I11), a small portion of the I-band region of human titin (PDB accession no. 5JDD; Bogomolovas et al., 2016) . Top right: Solution NMR structure of the SH3 domain from human nebulin (PDB accession no. 1NEB; Politou et al., 1998) .
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the thin filament could also influence Ca 2+ binding to TnC and/ or actin binding of the C terminus of TnI, a region of TnI that contains a high density of charged residues. The absence of nebulin in Neb-KO muscle could of course alter any or all of these possibilities. Titin's contribution to passive tension through its association with thick filaments may affect myosin structure with increased passive tension reducing the number of myosins that are in a super-relaxed configuration, thus enhancing the number of myosin available to form cross-bridges in activated regulatory units on thin filaments (Linari et al., 2015; Fusi et al., 2016; Reconditi et al., 2017; Zhang et al., 2017; Piazzesi et al., 2018) . The presence of titin on thick filaments could also affect the compliance of those filaments, which in turn could affect contractile kinetics (Martyn et al., 2002; Piazzesi et al., 2014) . Mijailovich et al. (2019) have tackled the formidable job of incorporating into MUSICO known changes, such as the distribution of thin filament lengths in sarcomeres without nebulin and detailed perturbations used in experiments such as trypsin digestion of titin and variations in SL and myofilament lattice spacing. The model is clearly serving its purpose: evaluating hypotheses using experimental data, and in turn prompting ideas for new experiments and measurements. Among those measurements are the kinetics of force generation, which could help to place additional constraints on parameters in the model. This modeling study is undoubtedly a valuable addition to evaluating our understanding of giant elastic proteins and the function of elastic domains in muscle. We can look forward to new results prompted by this study and further use of MUSICO to address many other problems in muscle biology.
